I. INTRODUCTION
-conjugated polymers have been the subject of much interest due to their potential optoelectronic applications such as light-emitting diodes ͑LEDs͒, solar cells, and fieldeffect transistors. [1] [2] [3] As a result, the electronic states of -conjugated polymers have been studied using a variety of spectroscopic techniques. [4] [5] [6] However, accurate spectral characterization of these conjugated polymer systems is difficult to obtain due to their complicated electronic states that originate from a number of uncertain structural parameters: partial interchain interactions, inhomogeneous chain length, and chain distortion. In order to better understand the electronic states in conjugated polymers, it is therefore desirable to study different systems using multiple experimental approaches.
Polymer chains in conjugated polymers are usually distributed amorphously in the solid film. The resulting interchain interactions play an essential role in charge transport in semiconductor devices. Due to the presence of these interchain interactions, the electronic states become delocalized over several molecules, making it difficult to characterize them. Potentially, one of the most effective ways to explore the electronic state in a conjugated polymer would be first to investigate the fundamental properties of an isolated polymer. Then the electronic state would be probed as a function of increasing interchain interactions. In order to characterize the physical properties of an isolated polymer many works have been carried in solution. [7] [8] [9] [10] In this present work, we particularly focus on a system where an inactive solid matrix is used for dilution because it can be regarded as a solid dilution model of neat ͑undiluted͒ films. The use of solid matrices for dilution purposes have been reported for conjugated polymers. [11] [12] [13] [14] [15] [16] [17] In these studies transparent polymers were preferred as the solid matrix. However, it should be noted that polymer blends can easily result in phase separation due to low mixing entropy and hence careful judgment is required to ensure a homogenous polymer blend. Indeed, we recently reported that head-to-tail coupled regio-regular ͑RR͒ poly͑3-octylthiophene͒ ͑P3OT͒, known to have a self-assembling property, 7, 18 leads to phase separation due to imperfect miscibility when blended with the widely used transparent polymer poly-͑methyl methacrylate͒ ͑PMMA͒. 17 Furthermore, when compared to its neat spincoated film, it has been demonstrated that when P3OT is blended with saturated hydrocarbon polymers such as polyethylene ͑PE͒ or polypropylene ͑PP͒, it gives rise to a blueshifted absorption spectra. This indicates that the hydrocarbon polymers are likely to be effective in the formation of a homogeneous polymer blend with the conjugated polymer with alkyl substituents. 16, 17 Also, such a saturated hydrocarbon polymer is an ideal inactive support matrix for a conjugated polymer because its hydrocarbons are expected to have negligible interaction with the -electron backbone in conjugated molecule.
In order to draw the fundamental properties of a conjugated polymer, the use of materials with defined chain lengths, i.e., oligomers, is desirable as they are expected to reduce the effect of chain-length inhomogeneity, which often veils the optical properties of the polymer. Conjugated oligomers have been widely studied because of their suitability as models for their related polymers as well as for their potential use in the nanoscale industry. The oligothiophenes are a well-studied series of conjugated oligomers. 19 Actually, nonsubstituted, ␣-linked oligothiophenes ͑up to the 7-mer͒ have often been used for investigating the chain-length dependence on the optical properties of polymers, including the position of the transition energy. [20] [21] [22] [23] [24] However, when an oligomer is used to model its polymer homologue, it raises the question whether the chain length is sufficiently long enough in order to accurately model the electronic state of the polymer. Related to this, the incorporation of soluble alkyl substituent groups at the ␤ position was shown to be effective in elongating the oligomer length and recently led to the development of long ͑up to the 48-mer͒ ␤-substituted oligothiophenes. [25] [26] [27] These studies showed that due to enhanced conjugation length the absorption peak energy of the ␤-substituted oligothiophenes in solution decreases with increasing the chain length. Moreover, the displacement of the peak energy becomes minor for oligomers greater than ϳ10-mer. These results indicate that oligomers that are larger than ϳ10-mer can be used as suitable models for studying their conjugated polymer counterparts.
In order to clarify the fundamental photoluminescence ͑PL͒ process in conjugated polymers, we address "intrachain" PL dynamics of conjugated polymers and oligomers based on the analyses of steady-state and time-resolved PL spectra of long oligothiophenes, as well as polythiophene ͑PT͒ derivatives. In this work, we adopted the use of PP as an inactive matrix as it is effective to form a homogeneous polymer blend with PT. Furthermore, a series of long oligothiophenes ͑8-, 12-, and 16-mers͒ have been studied since they are considered to be suitable models for investigating polymer characteristics and can highlight the dependence of chain length on the overall optical properties of the system. So far the PL dynamics of conjugated polymers has been studied on the basis of results obtained in neat films of poly͑p-phenylenevinylene͒ ͑PPV͒, 28, 29 polyfluorene ͑PFO͒, 30, 31 and PT derivatives. 32, 33 Two remarkable features were derived from these time-resolved PL measurements: ͑1͒ a nonexponential PL decay and ͑2͒ the exciton migration effect. In the measurements where PT derivatives were used, the above features were interpreted as resulting from intrachain processes. 32, 33 In this present work we show that isolated PT derivatives fail to exhibit nonexponential PL decays and exciton migration effects. This clearly indicates that these phenomena cannot be ascribed to intrachain events. Furthermore, we characterize the intrinsic intrachain PL properties in conjugated polymers based on the analyses of time-resolved and steady-state PL spectra for a variety of thiophene samples, which is expected to present further insights for an understanding of the PL mechanism in "neat" samples. Finally, we show that strong electron-phonon coupling and stereoregularity in the chain conformation are important factors to determine the intrachain electronic states in conjugated polymer.
II. EXPERIMENTAL
We used two types of polythiophenes, RR and regiorandom ͑RRa͒ P3OTs, that were purchased from Aldrich. The synthesis of these polymers as well as their fundamental properties have been reported elsewhere. 7 The oligomer samples used in this study were the 8-mer, 12-mer-, and 16-mer, ␣-linked oligothiophenes ͑hereafter abbreviated as 8 T, 12 T, and 16 T, respectively͒ with two hexyl-substituents at the ␤ positions per four thiophene rings ͑Fig. 1͒. The synthesis of these oligomers has been reported previously. 34 Dilution of P3OTs, or oligothiophenes, was carried out using amorphous PP ͑Aldrich͒ by dissolving them in xylene with a guest/PP weight ratio of 1 / 30 000 as described previously. 17 Absorption spectra were recorded with a Shimadzu UV-2400 spectrophotometer. The samples were semitransparent in the region of the absorption measurements due to scattering by the PP particles. Control spectra of PP were measured and subtracted from the absorption spectra of the guest-PP samples. Although the background was not entirely removed it was sufficient to permit the identification of the absorption peaks attributed to the different oligomers used in this study. Continuous wave ͑CW͒ PL measurements were performed using an Ar + laser as a light source at 488 nm ͑ϳ10 mW͒. PL excitation ͑PLE͒ measurements were performed using a Xe lamp as a light source attached to a monochromator with a double grating ͑Spex, 270͒. PL and PLE spectra were corrected for wavelength sensitivity by comparison with a standard tungsten lamp calibrated with NBS ͑No. EPT-1285͒. The samples used in this work had optical densities of ϳ0.1 and hence self-absorption was assumed to have a negligible influence on the experimental data.
In the time-resolved PL experiments, samples were excited with the second harmonic generation ͑SHG͒ output ͑400 nm͒ from a Ti:sapphire regenerative amplifier system ͑Spectra Physics, Hurricane-X͒ supplying 100-fs pulses at 800 nm with a repetition rate of 1 kHz. Samples were irradiated at the fluence giving a linear PL response. Timeresolved signals were detected with a streak camera ͑Hamamatsu, C2909͒ triggered by a photodiode that enabled us to record a 90-nm range of time-resolved signals by combining it with a monochromator. The time resolution of the system was approximately 20 ps. Decay profiles were recorded by integrating the time-resolved signals over the 90-nm range.
III. RESULTS
A. Absorption and steady-state PL spectra Figure 2 shows the absorption, PL, and PLE spectra for the RR and RRa P3OTs in PP measured at 4 K. Both P3OTs exhibit well-resolved PL peaks at low temperature and have more defined spectral structures than previous measurements carried out at room temperature. 17 The PL peaks were always observed as the major ones, even under excitation at 400 nm. The highest energy peak for each P3OT is assigned to the 0-0 peak and their values determined; see Table. I. The absorption spectrum of each P3OT gives only a single broad band but resolved peaks are obtained from their PLE spectra. At this point it should be noted that the absorption spectrum of RRa and its PLE spectrum when measured at the second vibronic peak ͑1.88 eV͒ do not have similar peak characteristics but they are similar when the PLE spectrum is measured at 2.25 eV. This indicates that two, or more, species with different effective conjugation lengths ͑ECLs͒ are present in the RRa-P3OT sample. Hence, the PLE spectrum at 1.88 eV is a substitute for an absorption spectrum of species with longer ECLs that give rise to the primary PL. The PL shoulder at approximately 2.25 eV originates from species with shorter ECLs that have an absorption peak at 2.8 eV. Detailed analyses on the PL dynamics, including results of time-resolved PL, are described in the Sec. IV B.
In the RR sample diluted in PP, the PLE spectrum at the second PL peak ͑1.82 eV͒ is observed near to the absorption spectrum and there is no apparent indication of the presence of additional species. Furthermore, both the PLE and PL peaks are well defined with the lowest and highest energy peaks assigned to the 0-0 peaks of the absorption and PL spectra, respectively. Recently, the absorption and PLE peaks of RR diluted in PP were reported to have a redshift to the absorption peak in solution at room temperature. 17 It was suggested that this was due to a rodlike chain morphology of RR in PP. 17 Thus, the observed 0-0 peaks in the RR sample ͑Fig. 2͒ are interpreted as originating from species existing in chains with a rodlike morphology. Shown in Fig. 3 are the absorption, PL, and PLE spectra of 8 T, 12 T, and 16 T in PP measured at 4 K. It should be noted that in all the oligothiophene samples the absorption, as well as the PL spectra, exhibit well-resolved peaks. The PLE spectra, recorded at the second PL peak, also show resolved peaks whose energies correspond to those of the structures found in their related absorption spectra; see Table I . The peaks in the oligothiophene samples with a constant spacing of ϳ0.17 eV are ascribed to vibronic splitting. To our knowledge, absorption spectra with well-resolved 0-0 peaks have never been previously reported for polythiophenes, or long oligothiophenes, in this dilution system. The absorption ͑lower right͒, photoluminescence excitation ͑PLE͒ ͑upper right͒, and steady-state PL ͑left͒ spectra excited at 2.54 eV at 4 K for regio-regular ͑RR͒ and regio-random ͑RRa͒ poly͑3-octylthiophene͒s ͑P3OTs͒ diluted in polypropylene ͑PP͒. The horizontal solid and dotted lines represent the level of the baselines for the PLE and PL spectra, respectively. The arrows indicate the energy positions at which the PLE spectra were measured. The PLE spectrum for RR was measured at the second vibronic peak ͑1.82 eV͒. The PLE spectra for RRa were measured at the second vibronic peak ͑1.88 eV͒ and at 2.25 eV. Determined from the PL-excitation spectrum.
FIG. 3.
The absorption ͑lower right͒, photoluminescence excitation ͑PLE͒ ͑upper right͒, and steady-state PL ͑left͒ spectra excited at 2.54 eV at 4 K for oligothiophenes ͑8 T, 12 T, and 16 T͒ diluted in PP. The horizontal solid and dotted lines represent the level of the baselines for the PLE and PL spectra, respectively. The arrows indicate the energy positions at which the PLE spectra were measured. The PLE spectra were measured at the second vibronic peak; 2.09 eV for 8 T, 1.97 eV for 12 T, and 1.93 eV for 16 T. E͑eV͒ = 1.93 + 2.60/m ͑for PL͒.
͑2͒
Here, as has been proposed previously, 35 the slope of the fit reflects the degree of coplanarity in the chain. Hence this value is expected to increase with the resonance integral between adjacent rings. The similarity of the values of the two slopes suggests that the coplanarity of the thiophene rings is almost maintained in the absorption and PL transitions. Furthermore, the results of the PL measurement provides conclusive evidence that the photoluminescence in this system occurs from the excited states whose electron distribution is directly correlated with extended chain length, i.e., PL does not occur from localized areas such as defects or trapped sites.
The left-hand y-axis intercept of the linear fits represents the 0-0 peak energy of the oligomer with infinite ring number. However, the intercept values determined here are somewhat smaller than the 0-0 peak energies of the RR-and RRa-P3OT samples shown in Table I . This finding can be attributed to the shrinkage of the ECL in the polymer samples, or to the difference in the substituent position among the samples, as has already been shown with a systematic study on PT derivatives. 36 In contrast, if we adopt the absorption-peak energy dependence of E͑eV͒ = 2.54 + 3.15/ m in head-to-tail octyl-substituted oligothiophenes in solution 35 and then subtract the energy of ϳ0.5 eV from E͑eV͒, the value which is defined as absorption-peak energy difference in the oligomer sample between the 0-0 peak energy at 4 K and the peak energy in solution ͓e.g., 2.82 eV in 8 T ͑Ref. 34͔͒, the intercept of linear fit for the 0-0 absorption peak of the head-to-tail oligothiophene is at 2.04 eV. This value is nearly equal to the 0-0 absorption peak energy of RR P3OT in PP ͑2.08 eV͒. We therefore emphasize that Eqs. ͑1͒ and ͑2͒ afford a good prediction of the 0-0 peak energy of absorption and PL spectra at 4 K, respectively, in alkyl-substituted oligothiophenes and polythiophenes, when approximately 0.5 eV energy is subtracted from the 0-0 peak energy in solution. Table II . These findings therefore indicate that conjugated polymers and long oligomers exhibit a single-exponential PL decay when appropriately diluted in a solid matrix, similarly to the case in liquid solution that has been reported for many polymer samples. In contrast, nonexponential-type PL decay was reported for neat solid films of conjugated polymers [28] [29] [30] [31] [32] [33] and such a decay process was also identified for neat solid films of the materials used in this study. 37 Therefore we may conclude that the nonexponential PL decay is caused by an "interchain" process. It should be emphasized that in order to observe singleexponential PL decay kinetics at least a ϳ1000-fold dilution ͑per weight͒ is necessary for the RR-P3OT/PP blend. 16 The dilution factor should thus be chosen carefully in order to permit the observation of intrinsic intrachain PL processes. Indeed, the somewhat nonexponential PL decay reported previously for a 20% blend of a PPV-derivative/polycarbonate ͑PC͒ 38 may be attributed to the imperfect isolation of polymer chains in such a high sample concentration.
The data in Table II indicate several interesting features concerning the PL lifetime of the conjugated oligomers and polymers. Firstly, there is no significant difference in the lifetime between 12 T and 16 T and between RR and RRa P3OTs. The lifetimes of 12 T and 16 T are somewhat longer than those of the P3OTs at 4 K. Furthermore, every sample listed in the table exhibits a decrease in the lifetime with increasing temperature, and the difference in the lifetime be- tween the oligomers and P3OTs reduces at 298 K. In the case of single-exponential PL decay the process can simply be divided into two terms, 1 / pl = k r + k nr , where pl is the PL lifetime and k r and k nr are the radiative and the nonradiative decay rate constants, respectively. Here, the radiative rate constant of oligothiophenes in solution ͑up to the 7-mer͒ was reported to be almost independent of the oligomer length. 23 Hence a variation in k r dependent on the chain length cannot be expected. Accordingly, we consider that the difference in the PL lifetime between our oligomer and P3OT samples is primarily attributed to the difference in the nonradiative decay constants k nr .
Our observations can therefore be regarded as an increase of k nr concomitant with an increase of chain length. In contrast, the value of k nr of the shorter oligothiophenes was shown to decrease with increasing the chain length ͑up to the 4-mer͒ and then become almost constant for chain lengths greater than the 5-mer. 23 In addition, intersystem crossing ͑ISC͒ from the singlet S 1 to the triplet manifold T i was reported to make the main contribution to the nonradiative process when compared to other mechanisms containing an internal conversion ͑IC͒ event. 23 It was suggested that in PT the ISC occurs efficiently when in solution. 39 In our samples, the contribution of ISC could thus be dominant among possible nonradiative processes. In that case, the rate of ISC is primarily dependent on the energy difference between the S 1 and T n states ͑n is assigned to the nearest triplet state to S 1 ; say, n = 4 for shorter oligomers 40 ͒. However, when the S 1 and T n states give a similar chain-length dependence, their energy difference should be constant for an increment in the chain length. Therefore we conclude that a variation in the ISC process is not the primary origin of the increase in k nr with increasing chain length. Yet, if other ISC paths that do not lead to the nearest neighboring T n state are generated with increasing the chain length, the ISC process may increase k nr effectively with an increment of chain length.
In contrast, not only intrinsic events such as ISC, or IC, but extrinsic events could be included as the potential origin of the k nr increase with increasing chain length. In fact, it is possible for polymer chains in the solid state to have extrinsic or structural defects as well as morphological trapping sites. These defects and trapping sites can work as quenching sites of excitons and might be employed as a possible nonradiative pathway. Here, assuming that the number of quenching sites per chain length is constant and that the excitons can rapidly move within an individual chain to find a quenching site, the probability of the excitons to be quenched is expected to simply increase with increasing chain length. This may be true for the samples studied in this present work and hence we suggest that this mechanism is one of the origins of the observed k nr increase with chainlength increment.
In addition, the decreases at 298 K in pl of the oligomers and P3OTs, resulting in close pl values between them, indicate that nonradiative processes are enhanced as the temperature increases, when ignoring a temperature-dependent variation in k r . With respect to the nonradiative processes mentioned above, if the ISC, or the extrinsic, processes have similar activation energies then both of them can be activated more or less by heat. It was previously reported that the ISC rate is not different between the PT derivative and the 12-mer oligomer in solution at room temperature. 41 When the reported rate constant of k nr = 1.2 ns is adopted for our samples, the radiative lifetimes are 2.3 ns for the oligomers and 2.0 ns for the P3OTs. These two values are close to the previously reported radiative lifetimes of shorter oligomers 23 and of PT derivatives. 36 Therefore, we conclude that the decreases in pl at 298 K for the oligomers and P3OTs is primarily caused by the enhancement of the ISC process by heat. This indicates that ISC plays an important role in the nonradiative process at room temperature in both oligothiophene and polythiophene derivatives. Figure 6 shows time-resolved PL spectra at 4 K for RR and RRa P3OTs and 16 T diluted in PP. Slight spectral redshifts with time are identified except for the case of RR P3OT. The spectral shifts can be displayed more quantitatively by shifts in the calculated spectral first moment of each spectrum; see Fig. 7 . Figure 7 also shows a slight blueshift with time in RR P3OT. It is probably due to the contamination of a slight quantity of aggregate species normally giving redshifted and faster decaying PL signals. 16 With relation to our present study, time-dependent spectral redshifts have been reported on the time-resolved PL spectra in slightly diluted PPV oligomers 42 and in neat films of several conjugated polymers. [28] [29] [30] [31] [32] [33] The redshifts observed in our materials, however, are much smaller than the shifts previously reported. This difference is attributed to whether interchain or intrachain processes contribute to the observed spectral properties. The larger spectral shifts reported for the neat film samples are thus assigned to originating from interchain processes. Moreover, excitons generated in isolated chains should result only in a small spectral shift in timeresolved PL.
IV. DISCUSSION

A. Franck-Condon analyses for PL spectra
The diluted samples that we used in this work are considered to have negligible interchain interactions between neighboring guest molecules. In this sense, we can regard that the one-dimensional ͑1D͒ electronic system is almost realized for our samples. One of the most remarkable features in the 1D electronic system is its strong electronphonon coupling, which has been actually taken into consideration for explaining a variety of optical experiments in conjugated polymers. 43, 44 The presence of the electronphonon couplings for our materials is demonstrated in Figs. 2 and 3 in the optical spectra that display a vibronic series. Here we discuss the extent of the electron-phonon coupling for our materials through a Franck-Condon ͑FC͒ analysis on their optical spectra.
The absorption and PL spectra with phonon replica I͑͒ are generally expressed by the following formula: 45, 46 
Here S i is the Huang-Rhys ͑HR͒ factor, ⌫ is the line-shape operator, the Ϯ sign in the parentheses is assigned for absorption and PL spectra, respectively. The term 00 is the electronic origin frequency, and p is the phonon frequency. The HR factor is proportional to the squared displacement of the potential energy minima between the ground ͑S 0 ͒ and excited ͑S 1 ͒ states as a function of the configuration coordinate, ⌬Q i 2 . Moreover, the HR factor has a relation with the total relaxation energy E rel ,
and thus gives a measure of the strength of the electronphonon coupling. 47 Here all active phonon modes coupled to the S 0 -S 1 electronic transition of the system should be essentially taken into consideration in the FC analysis of the optical spectra according to Eq. ͑3͒. Yet, since the spectra in Figs. 2 and 3 did not show contributions of two, or more, vibronic oscillators that is probably due to inhomogeneous broadening, only a single phonon mode with Gaussian line shape is assumed in the FC analyses.
Concerning the FC analysis of a PL spectrum, the importance of including the term n f 3 ͑ប͒ 3 , where n f is the real part of the refractive index at the photon energy ប, has recently been pointed out as the product of the right-hand side in Eq. ͑3͒ where the spectrum is expressed in units of photons/ energy interval. 48 We attempted to use the refractive index of PP for n f , 49 but its third power was found to have a negligible dependence in the PL spectral region. We thus simply multiplied the term ͑ប͒ 3 in the right-hand side in Eq. ͑3͒ during the analytical procedure. The following parameters were obtained from the FC analysis of the PL spectra: the Gaussian full width at half maximum ͑FWHM͒, the 0-0 transition energy ͑E 0 ͒, the HR factor ͑S͒, and the mean phonon energy ͑ប p ͒.
The FC analysis was able to account for the observed PL spectra in Figs. 2 and 3 . Examples of the spectral fitting using the FC analysis for the 16 T and RR P3OT samples are shown in Fig. 8 . The derived parameters are summarized in FIG. 7 . Plots of the average spectral shift of the spectra shown in Fig. 6 based on the determination of the spectral first moment. The spectral shift is defined with a deviation from the moment in the spectrum at 1500± 100 ps that has a peak near to that of each steady-state PL spectrum. Table III. Comparison of the FWHM values shows that the oligomer samples give narrower linewidths than that of the polymers. This is attributed to the elimination of inhomogeneous broadening due to the chain-length distribution. It is also apparent that the well-defined stereoregularity in substituent positions of RR P3OT reduces inhomogeneity in the PL linewidth, when compared to the poorly stereoregular structure of RRa P3OT.
The mean phonon energy, ប p , obtained from the FC analyses is 170-171 meV ͑ϳ1380 cm −1 ͒, and 177-182 meV ͑ϳ1450 cm −1 ͒ for the oligomers and polymers, respectively. The observed phonon modes are restricted to the ones coupled to an electronic transition and can be therefore detected by Raman spectroscopy. For oligoand polythiophenes, strong Raman signals around 1450 cm −1 are commonly observed regardless of the chain length. 50 These Raman vibrational modes are generally assigned primarily to a longitudinal collective vibration involving stretching of the C v C bonds and shrinkage of the C u C bonds. Therefore, our results indicate that the electronic transition in the polymers is strongly coupled to the common ͑viz. ca. 1450 cm −1 ͒ vibrational modes. In the oligomers the electronic transition may also couple with other vibrational modes that have lower frequencies, e.g., the ring C u C stretching mode ͑ϳ1380 cm −1 ͒.
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It is clear from the FC analysis that the parameter S ascribed to the oligomers decreases with chain length. Related to this, a linear increase in the HR factor versus 1 / m ͑where m is the number of chain units͒ was reported previously in PPV oligomers up to the 5-mer. 52 A similar plot that demonstrates this quasilinear relation against 1 / m is shown in Fig.  4 for our oligothiophene samples. This indicates that the linear relation between S and 1 / m almost holds true for long oligothiophenes at the quasipolymer level as well as for the shorter PPV oligomers. In fact, the HR factor divided by the PL 0-0 peak energy, S / E 0 , is found to give a nearly constant value among the oligomer samples; see Table III . This finding suggests that the electron-phonon coupling in oligomers should become weak as the ECL increases.
The HR factor of RRa P3OT ͑1.28͒ is found to be close to that of 16 T ͑1.25͒. According to the relationship between the chain length and the HR factor identified for the oligomer samples, this suggests that the ECLs of RRa P3OT and 16 T are similar. Indeed, the S / E 0 values of RRa P3OT and 16 T are also very close to each other ͑Table III͒. On the other hand, the RR P3OT sample exhibits the largest S value despite its expected long chain length and its S / E 0 value of 0.89 is much larger than those of the other samples ͑0.60-0.64͒. A PL spectrum with a large HR factor was previously reported for RR poly͑3-hexylthiophene͒ in neat film and was interpreted as resulting from signal overlap arising from inter-and intrachain excitons. 53 In this study, however, such an overlap of signals cannot be expected since interchain interaction is almost eliminated by means of extreme dilution with PP. The reason why RR P3OT in PP has a large HR factor is not fully understood at present, but one of the possible causes could be the stereoregular head-to-tail structure of RR P3OT. Namely, the head-to-tail structure of RR P3OT is presumed to have the advantage of being able to exhibit strong electron-phonon coupling. The results of our work with the oligomers have allowed us to link increasing electron-phonon coupling to a reduction of the ECL or to an enhancement of the stereoregularity in the molecular structure. Thus, the primary factor that reduces electron-phonon coupling should be a kind of geometric distortion that increases with chain length.
In contrast to the case observed in the PL spectra, the absorption spectra of the oligomers in Fig. 3 were not wellfitted with the FC analysis, even though their PLE spectra were adopted instead of the absorption spectra. However, the comparison between the first and second vibronic peaks in the PLE spectra of the oligomer samples in Fig. 3 suggests a decrease in the HR factor with increasing chain length; this is similar to the trend observed in the PL spectra. Therefore it is concluded that even in the absorption transition the strength of electron-phonon coupling is reduced as a function of increasing chain length.
B. Intrachain exciton migration
Figures 6 and 7 demonstrated that RRa P3OT and 16 T diluted in PP exhibit a transient PL redshift whereas RR P3OT does not. This suggests that the transient redshift in our samples takes place due to poor stereoregularity in the substituent groups ͑they are highly stereoregular in RR P3OT͒. If poor stereoregularity enables an energy gradient of excitons to form within a single chain, the transient redshift may originate from intrachain migration. A transient redshift could also take place in the course of a vibrational relaxation or of structural deformation following photoexcitation. Indeed, a model assuming the presence of the PL from upper vibrational levels was recently proposed to explain a transient redshift in a neat PT-derivative film. 33 The vibrational relaxation and structural deformation, if any, are expected to take place independently of the size of the molecule or the substituent position. However, our range of samples gave different magnitudes for the transient shifts. As a result, we conclude that these transient shifts originate from intrachain exciton migration. Yet the presence of the transient PL shift due to structural deformation cannot be entirely ruled out and is discussed in the following section.
The observations of the intrachain exciton migration enable us to derive several significant physical properties of TABLE III. The parameters determined from the best fittings of Franck-Condon analyses to the steady-state PL spectra at 4 K; the Gaussian full width at half maximum ͑FWHM͒, the PL 0-0 transition energy ͑E 0 ͒, the Huang-Rhys factor ͑S͒, the average phonon energy ͑ប p ͒, and the relaxation energy ͑E rel = Sប p ͒. The phenomenon of intrachain migration is clearly seen for RRa P3OT diluted in PP ͑Fig. 6͒. From its time-resolved spectra the presence of a component with a larger redshift ͑ϳ30 meV͒ compared to the moment shift ͑ϳ12 meV, see Fig. 7͒ can be inferred. Considering the results of the steadystate measurements ͑see Fig. 2͒ described in Sec. III A, the observed migration shift in Fig. 6 renders a picture of the exciton energy transfer from species with shorter ECLs ͑giv-ing primary absorption signals͒ to the species with longer ECLs ͑giving primary PL signals͒. Furthermore, in Fig. 6 , the latter species are found to give a constant PL line shape with time below the peak ͑2.07 eV͒. This finding indicates that the PL signals for species with longer ECLs are caused not only by a component transferred from the species with shorter ECLs but also by a component that rapidly migrates and/or has no transient shift. These mechanisms facilitate to reduce the moment estimation and result in the underestimation of the real migration shift ͑ϳ30 meV͒.
Finally, this intrachain migration was observed in the time scale of several 100 ps, which is comparable to that of interchain migration reported for neat films of conjugated polymers. [28] [29] [30] [31] [32] [33] This is surprising because we usually expect an exciton transfer to be much faster in intrachain processes than that in interchain ones. Although rapid intrachain process beyond the time resolution of the present setup may exist, our results suggest that severe distortion which hinders the intrachain transfer is present in a chain of usual conjugated polymers, unless the substituents themselves are coupled to each other in a head-to-tail manner.
C. Mechanism of PL for oligo-and polythiophenes diluted in solid matrix
In this section we discuss the electronic transition in a system with strong electron-phonon coupling using the notion of configuration coordinate assuming a harmonic oscillator for vibrational modes; see Fig. 9 . This allows us to summarize the intrachain PL dynamics for the oligo-and the polythiophene derivatives. Along the vertical absorption transition in Fig. 9 , the equilibrium position of the vibrational mode is displaced depending on the strength of the coupling between the generated excitons and phonons. The displacement of the equilibrium position, ⌬Q ab , is directly related to the HR factor of the absorption spectra.
Following the absorption transition, two major processes should be involved before leading to the PL transition: ͑1͒ exciton migration ͑see the previous section͒ and ͑2͒ a change in the ring torsional angle around the molecular axis induced by photoexcitation. The importance of the latter process has been theoretically developed for explaining the optical spectra of short conjugated oligomers. 46, [54] [55] [56] The basic idea originates from the experimental observation that p-phenylene oligomers have significant Stokes-shifted absorption and PL spectra, whereas their ladder-type analogs exhibit spectral patterns with minor Stokes shifts owing to the presence of saturated bridges between each ring. 57, 58 Although its theoretical interpretation is somewhat controversial it would be true that some Stokes shift is caused by the difference in torsional angle between the molecular configuration at the absorption and PL transitions. In short, oligomers have a relatively coplanar configuration at the PL transition leading to a lower energy transition. Since the change in torsional angle is a kind of vibronic relaxation, it can be illustrated using configuration coordinates; it is the transfer between the front and back surfaces of Fig. 9 . This model is also applicable to thiophene derivatives because the bonds between thiophene rings are expected to have no major hindrance during torsional motions. Moreover, according to the Franck-Condon principle, following the PL transition ͑cf. coplanar configuration͒ a recover process of the change in torsional angle is required in the ground state.
In this sense, the torsional change, its recovery process, and the intrachain exciton migration described in the previous section are possible origins to cause a Stokes shift in our FIG. 9 . A schematic description of the energy diagram illustrating the absorption and PL transitions. The notion of the configuration coordinate with a harmonic-oscillator type vibrational mode is assumed in the layout of this diagram. The horizontal axis shows a displacement of the equilibrium separation of the primary C v C stretching vibrational mode. The axis from the front to the back of the figure represents the degree of ring-torsion motion. The potential energy curves are drawn with the broken and the straight lines, respectively, for the states before and after the change in the ringtorsion angle. Intrachain migration is assumed to be present. k tor and k mig represent the processes of the molecular distortion ͑torsional change͒ and intrachain exciton migration, respectively. ⌬Q ab and ⌬Q PL represent the displacements of the configuration on the absorption and PL transitions, respectively. ⌬E t,ex and ⌬E t,G represent the energy changes induced by the molecular distortion in the excited and ground states, respectively.
samples. As shown in Figs. 2 and 3 , all of our samples are found to exhibit a Stokes shift ͑ϳ60-70 meV͒, the values of which are listed in Table I . In the previous section, the intrachain migration was interpreted to take place between species with different ECL, whereas the Stokes shift in Table I was determined based on the PL and PLE peaks of the species with longer ECLs. Therefore the Stokes shift here is concluded to originate not from the intrachain migration but from the molecular distortion and its recovery process. This conclusion is consistent with the data presented in Table I demonstrating that the Stokes shift values are similar to each other ͑60-70 meV͒. This is because the extent of molecular torsion is expected to be nearly equal among the samples with different chain lengths. We therefore suggest that the constant Stokes shift due to the molecular distortion would be a common spectral feature in thiophene derivatives that has no dependency on chain length. In Fig. 4 , the linear fits of the 0-0 peaks against the reciprocal of ring number indicated that the coplanarity of the thiophene rings should be almost preserved in absorption and PL transitions. It was at the same time suggested that a variation in the resonance integral between neighboring thiophene rings should be minor. Therefore, we conclude that although the molecular distortion at the transitions causes a change in the transition energy the extent should not be so large as to reduce the magnitude of the resonance integral.
No transient spectral shifts corresponding to a 60-70 meV Stokes shift were observed in the time-resolved PL spectra in Fig. 6 . This suggests that the molecular distortion should occur within the limit of time resolution ͑ϳ50 ps͒ following photoexcitation. This finding is consistent with the recent report on the transient absorption measurements for the 13-mer oligothiophene in solution that suggested that the dynamic redshift occurs within 2 ps. 59 Furthermore, it is interesting to note that the magnitude of the dynamic redshift was estimated to be 24.2 meV. 59 The value of the dynamic shift is close to the half of the Stokes shift ͑30-35 meV͒ determined in this present study, which almost corresponds to the energy shift at the torsion change in the excited state, ⌬E t,ex in Fig. 9 .
Based on the above considerations, the optical spectra of thiophene derivatives are expected to give at least a Stokes shift of 60-70 meV. If the observed Stokes shift is more than 70 meV then its surplus should be attributed to the migration shift. For instance, the large Stokes shift between the absorption and PL spectra of the RRa P3OT in Fig. 2 ͑Ͼ0.4 eV͒ suggests that the majority of the species with shorter ECLs migrate more than 0.3 eV towards the species with longer ECLs. As long as the PL signals in the neat film samples originate finally from intrachain excitons, this idea should also be applicable to interchain migration. Moreover the intrachain PL process for other conjugated polymers can also be considered based on the mechanism proposed in this study, assuming that the magnitude of the Stokes shift due to the molecular distortion processes can be properly determined.
V. CONCLUSIONS
The PL spectra for long-chained oligothiophenes, RR and RRa P3OTs diluted in the inactive solid matrix polypropylene, were measured and analyzed in order to unveil the intrachain PL processes in conjugated polymers. The analyses of the spectra presented several significant findings, which are summarized below.
The oligothiophenes gave resolved 0-0 peaks in both of their absorption and PL spectra. These 0-0 peaks were confirmed to show a good linear relationship when plotted against the reciprocal of the ring number. A small difference in the value of the slope was found between the absorption and PL transitions. This difference was ascribed to a minor variation in the planarity of thiophene rings between the ground state and the excited state relevant to the PL transition.
Franck-Condon analyses were carried out for the PL spectra. The strength of the electron-phonon coupling represented by the HR factor was demonstrated to become weak with increasing chain length. In contrast, RR P3OT exhibited the largest HR factor and hence showed the presence of strong electron-phonon coupling in RR. We conclude that some sort of geometric distortion occurs, which reduces the strength of electron-phonon coupling and this effect is proportional to the extension of the effective conjugation length. We also conclude that the coupling strength largely depends on stereoregularity in the chain conformation.
Transient PL measurements measured at 4 K showed that the PL decay rate is somewhat slower in the oligomers than in the polymers. This is attributed to the feature in the nonradiative decay process that is enhanced with increased chain length. Possible mechanisms to explain this phenomenon were proposed; ISC paths to other than the nearest neighbor T n state are generated with increasing the chain length, and/or the probability of the excitons to be quenched by extrinsic defects increases with the chain length. In addition, even in the 16-mer oligothiophene the time-resolved PL spectrum showed the presence of intrachain exciton migration whereas RR P3OT did not exhibit these. These features indicate that intrachain migration depends on the degree of stereoregularity of the chain conformation.
Based on the results of continuous wave and transient PL experiments, we conclude that a change in the torsion angle around the thiophene ring-to-ring bonds occurs following the absorption transition in oligo-and polythiophenes regardless of the chain length. We also conclude that the torsional change and its recovery process give rise to a constant Stokes shift ͑60-70 meV͒. If the redshift is more than 70 meV then its surplus should be assigned to the contribution of the exciton migration effect, including interchain migration events.
